In this letter, we investigated the transmission properties of metamaterial based coupled-cavity structures. We first calculated the effective parameters of a split-ring resonator ͑SRR͒ and composite metamaterial ͑CMM͒ structures. Subsequently, we introduced coupled-cavity structures and presented the transmission spectrum of SRR and CMM based coupled-cavity structures. The splitting of eigenmodes was observed due to the interaction between the localized electromagnetic cavity modes. Finally, the dispersion relation and normalized group velocity of the coupled-cavity structures were calculated. The maximum group velocity was found to be 100 times smaller than the speed of light in vacuum. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2988286͔ Left-handed materials have recently attracted much attention in the scientific community. This new type of artificial materials can provide simultaneous negative permittivity ͑͒ and permeability ͑͒ over a certain frequency range. Therefore, these materials possess promising physical properties and applications, such a negative refraction 1 and subwavelength focusing. 2 Negative permittivity is available through metals or the periodic arrangement of metallic wires. 3 On the other hand, obtaining negative permeability was an issue because of the lack of a magnetic charge. However, in 2002, Pendry et al. proposed split-ring resonators ͑SRRs͒ in order to obtain negative permeability. 4 Inspired by encouraging ideas of Pendry et al. for obtaining negative permittivity and negative permeability at microwave frequencies, Smith et al. succeeded in designing and demonstrating a composite metamaterial ͑CMM͒ with a negative index of refraction. 5 Electromagnetic waves cannot propagate in the negative or negative medium. Therefore, the SRR ͑CMM͒ structure exhibits a gap in the spectrum for the negative ͑͒ region. Hence, it is possible to obtain highly localized cavity modes inside the stop band by introducing a defect into the structure, which is similar to the defect modes in photonic crystals ͑PCs͒.
In our previous paper, we studied CMM based single cavity system. 6 We have reported that it is possible to obtain cavity mode in the transmission spectrum with high quality factors. In the present work, we investigated the transmission properties of SRR and CMM based coupled-cavity structures with a different cavity structure. First of all, we calculated the effective parameters of SRR and CMM structures. We introduced coupled-cavity structures and presented the transmission spectrum of SRR and CMM based coupled-cavity structures. Subsequently, by using the tight-binding ͑TB͒ approach, we calculated the dispersion relation and normalized group velocity of the coupled-cavity structures.
The SRR structure that we used for the present study was a one-dimensional periodic arrangement of square rings. The CMM structure was obtained by the combination of the SRR structure and wire stripes. The wire stripes were on the back of the substrate and the square SRRs were on the front faces. The structures were printed on a Teflon substrate with = 2.17, in which the thickness of the substrate was 1 mm. The thickness of the copper was 0.05 mm. The width of the wire stripes was 1.6 mm. The lattice constant along the x direction ͑propagation direction͒ was 4.95 mm. The height of the structure was 40 unit cells. 30 layers of the structures were stacked with a 2 mm period along the z direction. The E-field was in the y direction. The details regarding the unit cell of the metamaterial structures are shown in Figs. 1͑a͒ and 1͑b͒.
We first calculated the effective and of the SRR and CMM structures by use of a retrieval procedure. The retrieval procedure is widely used to calculate the effective parameters of the metamaterials. In this method, the real and imaginary parts of the refractive index, wave impedance, and, therefore, the real and imaginary parts of the and are retrieved from the amplitude and the phase information of the transmission and reflection. The details of the retrieval procedure that were used in this study are outlined in Ref. 7 . This particular method has the advantage of identifying the correct branch of the effective and . The ambiguity in the determination of the correct branch is resolved by the use of an analytic continuation procedure. There was one layer of the structure along the propagation direction in this calculation. We employed periodic boundary conditions along directions other than the propagation direction. Therefore, the simulation setup coincides with a slab of material that cona͒ Electronic mail: caglayan@fen.bilkent.edu.tr. sists of a single layer. The effective and were derived from the transmission and reflection coefficients. The calculated parameters show that the SRR structure possesses effective Ͼ0, Ͻ 0 from 5.0 to 7.0 GHz ͓Fig. 2͑a͔͒. However, the CMM structure possesses effective Ͻ0, Ͻ 0 from 5.4 to 7.0 GHz and Ͻ0, Ͼ 0 from 7.0 to 9.4 GHz ͓Fig. 2͑b͔͒.
The measured transmission spectrum of the SRR exhibits a band gap between 5.0 and 7.0 GHz ͓Fig. 3͑a͔͒. On the other hand, the CMM structure transmits em waves at the band gap frequency of the SRR ͓Fig. 4͑a͔͒, since it has negative and at this range. The simulation results agree well with the measurement. The experimental setup consisted of an HP 8510C network analyzer and two standard gain horn antennae in order to measure the transmission amplitude. The transmission simulations throughout the letter were performed by the commercial software program CST MICRO-WAVE STUDIO®.
Subsequently, we introduced the defect structure into the left-handed structures and we changed the center unit cell of the structures by a closed ring structure. The total singlecavity system contains one cavity at the center and two metamaterial unit cells in each side of the cavity ͑1 cavity + 4 metamaterial unit cells͒ in the propagation direction. The defect structure is a closed ring structure, which was placed on both sides of the board and possessed positive and ͓Fig. 1͑c͔͒. In the presence of a single cavity, a localized cavity mode is observed in the transmission spectrum of SRR and CMM based structures. The measured cavity resonance frequencies are ⍀ = 6.7 GHz and 7.6 GHz ͓Figs. 3͑b͒ and 4͑b͔͒.
Moreover, we brought two cavities together with an intercavity distance of two metamaterial unit cells. The total two-cavity system contains two cavities and two metamaterial unit cells in each side of the each cavity ͑2 cavities+ 6 metamaterial unit cells͒ in the propagation direction. For two coupled cavities, the transmission characteristics as a function of frequency are measured and calculated. As shown in Figs. 3͑c͒ and 4͑c͒, we observed that the resonance modes are split into two distinct symmetric and antisymmetric modes similar to PC cavity structure. In PC cavity structures, when two isolated cavities are brought together, the localized photon modes should overlap. Due to this interaction, the doubly degenerate eigenmode splits into two distinct modes as symmetric and antisymmetric. 8 These modes are reminiscent of the bonding and antibonding states in solid state physics. For example, in the diatomic molecules, the interaction between the two atoms produces a splitting of the degenerate atomic levels into bonding and antibonding orbitals. 9 The measured values of resonance frequencies are 1 = 6.5 GHz and 2 = 6.9 GHz for the SRR based cavity structure and 1 = 7.3 GHz and 2 = 7.9 GHz for the CMM based cavity structure.
When we brought three cavities together with an intercavity distance of two metamaterial unit cells, the single cavity mode ⍀ splits into three different eigenmodes. In this 3 . ͑Color online͒ Measured ͑red curves͒ and calculated ͑black curves͒ transmission spectra for ͑a͒ SRR and ͑b͒ SRR with a single-cavity, ͑c͒ twocoupled-cavity, and ͑d͒ three-coupled-cavity structures. Due to the coupling between the strongly localized cavity modes, the single-cavity mode splits into two or three distinct modes depending on the number of coupled cavities. There is a good agreement between the measured and calculated transmission spectra. 
FIG. 4. ͑Color online͒ Measured ͑red curves͒ and calculated ͑black curves͒ transmission spectra for ͑a͒ CMM and ͑b͒ CMM with a single-cavity, ͑c͒ two-coupled-cavity, and ͑d͒ three-coupled-cavity structures.
case, the total three-cavity system contains three cavities and two metamaterial unit cells in each side of the each cavity ͑3 cavities+ 8 metamaterial unit cells͒ in the propagation direction. The corresponding transmission spectra of the system were measured and calculated. As shown in Figs. 3͑d͒ and 4͑d͒, there is a good agreement between the measured and calculated transmission characteristics of the three coupled cavities. The resonance frequencies were ⌫ 1 = 6.4 GHz, ⌫ 2 = 6.7 GHz, and ⌫ 3 = 7.0 GHz for the SRR based cavity structure and ⌫ 1 = 7.2 GHz, ⌫ 2 = 7.6 GHz, and ⌫ 3 = 8 GHz for the CMM based cavity structure. Recently, the classical wave analog of the TB picture 10 has successfully been applied to photonic structures. 11 By using the direct implications of the TB picture, a novel propagation mechanism for photons along the localized coupled-cavity modes in PCs was proposed 12 and demonstrated. 13 In these structures, photons can hop from one tightly confined mode to the neighboring one due to the weak interaction between them. The same approach can be applied to metamaterial based coupled cavities. Using the TB picture, it is possible to obtain eigenvalues and eigenvectors corresponding to two-and three-coupled cavity structures. 14 Hence, the dispersion relation and group velocity can be obtained, keeping only the nearest-neighbor coupling terms as
Here, is a TB parameter that can be obtained from the splitting of the eigenmodes of two-coupled cavities, in which ⍀ is the frequency mode of the single cavity, and ⌳ is the distance between the two-cavity structures ͑intercavity distance͒.
The calculated TB parameters are = −0.05 and = −0.07 for SRR and CMM based coupled cavities, respectively. We can obtain the dispersion relation of the coupled cavity structures by using these TB parameters and ⌳ = 9.9 mm ͑2 metamaterial unit cells͒. Figure 5͑a͒ shows the calculated dispersion relations ͑k͒. We also plotted the normalized group velocity corresponding to the coupled-cavity structures. As shown in Fig. 5͑b͒ , the group velocity has a maximum value of nearly one-hundredth the speed of light in vacuum, at the coupled-cavity band center, and vanishes at the band edges.
As a conclusion, the transmission properties of the coupled-cavity structures in one-dimensional metamaterials have been investigated. The splitting of eigenmodes due to the interaction between the localized electromagnetic cavity modes was observed. The results are very similar to the PC coupled-cavity systems. However, taking the advantage of the subwavelength dimension of the metamaterial system, it is possible to localize fields into subwavelength regions using SRR and CMM based cavity systems. In taking advantage of the TB approach, we calculated the dispersion relation and group velocity of metamaterial based coupled-cavity structures. The group velocity was rather low for these structures. Therefore, the spontaneous emission rate and efficiency of the nonlinear processes can be enhanced in metamaterial based coupled-cavity structures. 5 . ͑Color online͒ ͑a͒ The calculated dispersion relation of the coupledcavity structures is shown ͑black curves stand for the SRR based cavity and the red curves stand for the CMM cavity structure͒. ͑b͒ The group velocity is two orders of magnitude smaller than the speed of light at the band center ͑k⌳ = / 2͒ and vanishes at the band edges ͑k⌳ = 0 and ͒.
